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1. Introduction

Abstract. Magnetorheological (MR) fluid devices operate in four modes: flow, shear,
squeeze, and pinch. Among these, the low mode is the most efficient one and results in
large field-induced pressure differences. Despite being the least efficient, shear mode is the
most commonly used in numerous applications, including prosthetic knees, due to its ease
of construction. Additionally, shear mode designs require larger shear areas and reduced
fluid gap tolerance compared to their flow mode counterparts, resulting in a complex design
such as the commercially available multi-plate MR, brake. Therefore, in this study, two flow
mode designs, twin-rod and rotary vane MR dampers, are optimally designed for prosthetic
knee application. The optimal designs obtained from solving a multi-objective particle
swarm optimization problem are fabricated and experimentally characterized for various
harmonic excitations of varying amplitudes, frequencies, and currents. The optimal designs
are compared with many MR fluid-based prosthetic knee design configurations. Based on
the results, a twin-rod MR damper with a mass of 0.71 kg and a damping force of 1020 N
at 1 A is identified as the optimal design configuration for prosthetic knee application.

(© 2022 Sharif University of Technology. All rights reserved.

Magnetorheological (MR) fluid is a class of smart
fluid that uses magnetic particles suspended in a base

A knee prosthesis is a device used to support trans-
femoral amputees in performing activities of daily life.
While the use of compliant joints results in increased
energy efficiency and lighter mechanisms, they cannot
meet all of the functional needs of users [1]. On the
other hand, semi-active prosthetic knee can provide
variable damping and stand as a cheaper compromise
between passive and active knees. This may be
accomplished by the use of variable orifice dampers,
smart fluids, and so on.
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oil along with a few additives. When the magnetic field
is applied, the particles align themselves in a reversible
manner altering the rheology of the fluid [2]. Based
on the fluid flow, geometry, and applied magnetic field
direction, there are four distinct modes of operation:
flow, shear, squeeze, and pinch, as shown in Figure 1.
The flow mode is the most realized one, producing
high field-induced pressure differences, whereas shear
mode is the least efficient, requiring large shearing areas
and tight fluid gap tolerance to generate desired loads.
Squeeze mode is limited to low amplitude vibration
applications, whereas the pinch mode is capable of
generating pressure differences of magnitude greater
than the other three modes, but has been identified
more recently and requires extensive studies [3,4].
Many designs have been studied exploiting these
fluid modes and various novel geometric configurations



3050 R.S.T. Saini et al./Scientia Iranica, Transactions B: Mechanical Engineering 29 (2022) 3049-3062

Magnetic field lines

AAAAA

Pressure

Magnetic field
lines M A

Vi

Stationary plate

Flow «

Force

()

Stationary plate
Force

Mag‘ﬂ‘ef Zeki lines
Moveable plate

MR Fluid

Stationary plate

Flow

Magnetic field
lines

[ kSmrionary plate

Stationary plate

Non-magnetic spacer

(d)

Figure 1. Working modes of operation of MR fluid.

and applications have been produced [4,5]. Inciden-
tally, prosthetic knee devices are mostly shear mode
based designs such as multi-plate brake [6], multi-
pole brake [7], disc type [8], waveform boundary
brake [9,10], and twin-rod shear damper [11,12]. Al-
though linear flow mode dampers have been extensively
studied for other applications, their usage in prosthetic
knee devices is relatively scarce and is limited to few
theoretical MR valve designs [13]. On the other hand,
rotary MR damper design by Kim and Oh [14] is
the only novel prosthetic knee damper working on
flow mode configuration. However, the design can
generate a maximum damping torque of 23 Nm, which
is insufficient for a normal average human walking.
Also, the rotary chamber used was a retrofit pneumatic
component, which suggests an optimal design study. A
few other studies performed on rotary vane dampers
were only limited to theoretical designs with no exper-
imental characterization [15,16]. Therefore, based on
the previous studies, optimal design of two flow mode
MR dampers (linear twin-rod and rotary vane) for
prosthetic knee application is considered in this study.

Although many studies have been performed on
design optimization of MR dampers, most of them have
considered a lumped parametric Magnetic Equivalent
Circuit (MEC) method, resulting in sub-optimal design
solutions. Apart from the reported inaccuracies in
magnetic field distribution in the model, MEC method
does not provide any information about maximum
core flux, which is an important constraint in design
problems as it provides information about bottleneck
of magnetic flux lines. Therefore, this study adopts a
recently proposed optimization approach with compa-
rable accuracy levels, which is one of the finite element
methods and is computationally inexpensive in nature.

Furthermore, objective functions commonly used
in optimal design studies of prosthetic knee dampers
include on-state braking torque or force, off-state brak-

ing torque or force, and mass and power dissipation.
As suggested by our previous research work, the use
of mass and power dissipation as an objective function
yields a redundant optimization problem as the reduc-
tion of the overall device mass eventually decreases
the coil volume, which ultimately lowers power dissi-
pation [17]. Moreover, amputee’s mass proportionately
increases the on-state braking torque requirements,
while the off-state torques that primarily control the
swing phase of gait cycle remain mostly unaffected.
Therefore, in this study, on-state braking torque (or
equivalent force) and mass are chosen as objectives
while off-state braking torque (or equivalent force)
maximum core flux are applied as constraints.

Based on the above objectives, the optimal de-
signs of twin-rod and rotary vane dampers are imple-
mented considering various shortcomings in the design
methodologies of previous studies. The fabricated pro-
totypes of the two devices are characterized by various
harmonic inputs. Finally, the experimental results are
compared with those from the previous studies and also
with commercial prosthetic knee models.

2. Geometric modeling of twin rod MR
damper

The schematic diagram of the prosthetic knee incorpo-
rated with twin-rod MR damper is shown in Figure 2.
As seen in the figure, one end of the damper is
connected to the thigh using an extensor link, whereas
the other end is connected to the shank. The damper
consists of a piston core assembly with piston rods
on both ends enclosed in a cylinder. The piston
core assembly is formed of inner and outer cores
with an electromagnetic coil wound on the inner core.
MR fluid flows through a small gap between the two
cores and its rheological properties are altered using
a controllable magnetic field in the gap. After initial
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Figure 2. Schematic of prosthetic knee incorporated with
twin-rod damper.
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prototyping and observations, the piston core assembly
of the twin-rod MR damper is modified, as shown in
Figure 3. The threaded joint on the stepped shaft holds
the inner and outer cores together and prevents any
fluid leakage from the piston through-hole. To avoid
flux leakage due to direct contact between the cores,
aluminium washers have been placed between them.
The geometric variables of the twin-rod damper are
shown in Figure 4.

The total damping force can be calculated using
Eq. (1) [18]:

12’[7QLtAp
Frota =———5—
weg
12 9L,)A
T 12.07+ Qn . 7y(2La) P
1201 +0.4w. g7, g (1)

Here, w; is the average circumference of fluid gap, ¢
the fluid gap, @ the flow velocity, A, the piston cross-
section area, L, the active pole length, n the fluid
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Figure 4. Geometrical variables of twin-rod MR damper.

viscosity, and 7, the fluid yield stress. The first part
of Eq. (1) represents the viscous force, F,;s, and the
second part of the equation represents the controllable
MR force, Fyg. A few of the dependent variables are
given by Eqgs. (2)—(4):

wy =271 (r. + w + 0.59), (2)
A, = 7[R* —rj], (3)
Q = Api. (4)

Here, r( is the piston rod radius, @ the velocity of piston
and 7. the radius of the MR valve core. The volumes
of the coil, piston rod, MR fluid, inner core, and outer
core in the piston core assembly are calculated using

Egs. (5)—(9):

Veoir =7 [(re + w)? —r2] b, (5)
Vyod = 775 Ly, (6)
Virr = [(re + w4 g)* — (re + w)?] Ly, (7)
Veore = 7 [(1e + w)* = 13] Lt — Veour, (8)

Vouter core =T [(Tc+w+g+ct)2_(rc+w+g)2] Lt~ (9)

Here, ¢; is the outer cylinder thickness. The mass of
the piston rod assembly is calculated using Eq. (10):

mp :pcoichoil +pco7‘e (vcore + Vouter core T+ V'rod)

+ pMRFVMRF. (10)

Here, peoit, Peore, and pasrr are the densities of the coil,
core, and MR fluid materials, respectively. The overall
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mass of the twin-rod MR damper, M, is calculated
assuming a cylinder cap thickness of 15 mm, piston
rod radius of 4 mm, design velocity of 0.1 m/s, and a
stroke length of 55 mm. Also, 1018 steel is selected as
the core material due to its high magnetic permeability
and low cost. The piston rod is assumed to be made
of stainless steel and the outer cylinder is of mild steel.
MRF-132 DG (Make: Lord Corporation) is selected
as the MR fluid and the properties of the same are
obtained from the datasheet [19]. A packing factor
of 0.6 was considered while calculating the number of
turns of the electromagnetic coil [20].

2.1. Optimal design of twin-rod MR damper
An optimal design of the twin-rod MR damper is
performed considering the total damping force and
mass as the objectives. The design variables and
bounds are shown in Table 1. These values are selected
such that the damper can be enclosed within the shank
volume of an average human. An optimization problem
of the twin-rod MR damper is formulated as follows:

Objective function: Minimization of [—Frotar, M],
Constraints: M <1 kg, Bnax <1.8 T and F,;s <80 N.

The optimization is performed using Particle Swarm
Optimization (PSO), an algorithm based on the move-
ment of flock of birds. The population of design
variable vector is updated using social and cognitive
constants analogous to birds’ motion and behavior.
The objective functions and the constraints depend
on the magnetic flux distribution in the axisymmetric
model of the geometry, which is usually evaluated using
Finite Element Modeling (FEM) or MEC methods.
FEM methods produce accurate magnetic field distri-
bution, but are computationally expensive. In spite of
less accuracy, MEC methods have been widely used in
previous studies due to their computationally inexpen-
sive nature. However, to ensure better accuracy with
low computational costs, a combined magnetostatic
approach was proposed in our previous work [17].
This approach was found to produce accurate design
solutions similar to FEM-based optimization and was
also computationally less expensive. The methodology

Table 1. Variables, bounds, and optimized values of
twin-rod MR damper.

Bounds (mm) Optimized values

Variables

Lower Upper (mm)
Te 6 16 9.8
w 2 10 3.4
h 2 10 10
g 0.5 1.2 0.67
L, 3 10 6
ct 3 10

of the optimization problem is shown in Figure 5. As
seen in the figure, the initial objective functions are
evaluated using MEC method. The elite candidates are
selected by lot and the cost functions are re-evaluated
on the reduced population using FEM method. This
approach is employed to reduce the number of FEM
evaluations and thus, to increase the design solution
accuracy and also reduce the computational time. The
optimization problem is performed with a population
of 50 and 100 iterations. The Pareto optimal front
solutions of the twin-rod MR damper are shown in
Figure 6.
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Figure 5. Optimization methodology.
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Figure 6. Pareto front of twin-rod MR damper.
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Figure 7. Fabricated components of twin-rod MR
damper.

An average person of mass 56.7 kg has a maxi-
mum knee braking torque requirement of 35 Nm [21].
Considering a moment arm of 40 mm and based on
the previously reported differences between theoretical
and experimental damping force values, a cut-off of
800 N is assumed and the optimal solution with the
least possible weight above this cut-off is selected.
The optimal design point (colored in red in Figure 6)
produces a damping force of 812 N with a mass of
0.73 kg. The dimensions of the optimal point are listed
in Table 1. The fabricated components of the optimal
twin-rod MR damper are shown in Figure 7.

2.2. Characterization of damper

An in-house prepared MR fluid with 80.95% mass frac-
tion of carbonyl iron particles similar to MRF-132DG
is synthesized. The composition and characterization
results of the fluid were reported in another study
on optimal composition of MR fluids by our research
group [22]. It was estimated that the in-house MR fluid
yielded similar performance metrics to that of MRF-
132DG and was, thus, used for damper characterization
in this study. The MR fluid sample was de-gassed
in a vacuum chamber prior to filling the twin-rod
MR damper. The damper was characterized using a
linear dynamic testing facility. A hydraulic actuator
(Type: double acting, Capacity: +/—20 kN, Stroke:

Force (N)

21200 J T i
-15004

-9 -6 -3 0 3 6 9 12
Displacement (mm)

(a)

Displacement sensor

Hydraulic actuator
U-clamp

Twin-rod MR damper
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MOOG controller (DAQ)

Data logging system

Figure 8. Linear dynamic testing machine.

150 mm) controlled by a servo valve provides the
actuating force to the damper. A force transducer
(Capacity: +/—30 kN and Resolution: 0.001 kN)
at the rigid end and a displacement sensor (Make:
Gefran, Range: 200 mm) at the actuator end measure
the force and displacement signals, respectively. The
signals are acquired using a data acquisition system
(Make: MOOG) and stored for further processing. The
test setup and the installed twin-rod MR damper are
shown in Figure 8. The damper is tested for harmonic
excitations of various amplitudes, frequencies, and
currents. Sample characteristic curves showing the
variation of force with displacement and velocities at
varying currents are shown in Figure 9.

Theoretically, the optimal design of the twin-rod
MR damper produces a damping force of around 812 N
at a design speed of 0.1 m/s and at a current of 1 A.
Off-state damping force of the damper is around 82 N.
Based on the experimental results in Figure 9, the
damper produces a total force of 1020 N at the same
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Figure 9. (a) Force-displacement and (b) force-velocity curves of linear twin-rod MR damper for varying currents.
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design speed of 0.1 m/s and a current of 1 A. The off-
state damping force at the same speed is found to be
135 N. Unaccounted friction due to wiper seals on both
sides of piston rod along with slight manufacturing
deviations might contribute to deviation in results.
However, the increase of total damping force and the
reduction of overall mass can be considered as positive
indicators for this application.

3. Geometric modeling of rotary vane MR
damper

The schematic of the prosthetic knee component in-
corporated with the rotary vane damper is shown in
Figure 10. As seen in figure, the rotary vane damper
itself acts as the knee joint with the MR bypass valve
placed in the shank. Since the normal human knee
rotary motions are limited to 130°, a semi-circular
cross-section for vane damper can reduce the amount
of MR fluid usage and the weight of the damper.
However, to simplify prototype manufacturing, it is
retained as circular with the other half packed using
a static vane. The exploded view of the rotary vane
damper and the MR valve is shown in Figure 11. The
rotary chamber accommodates a fixed static vane and
a rotary vane rotating with the shaft. The motion of
the shaft drives the MR fluid from one chamber to
another through hydraulic ports and cables. The fluid
flows through the bypass MR valve which consists of an
inner core and a valve cylinder realizing a flow mode
configuration for the MR fluid. The geometric variables
of vane type MR damper are shown in Figure 12.

The total damping torque produced by the vane
damper is calculated using Eq. (11) [23]:

Thigh attachment

Vane damper

Hydraulic pipe

MR valve

Shank

Foot attachment

Figure 10. Semi-active prosthetic knee incorporated with
rotary vane MR damper.

Hydraulic port Valve cylinder

Rotary
chamber Core

Valve cap
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Rotor shaft
port

Static vane
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Rotary vane

Figure 11. Exploded view of rotary vane MR damper.

= 93w

1207 ) 2TyLa}
+ 11207+ - L,w.R,).
[( 12Qn+0.4w. g%, g ( ()11)

Here, L, is the height of the rotary vane in the axial
direction along the shaft, w, the width of rotary vane
along the radial direction, R, the radial distance from
the shaft axis to the centroid of rotary vane, w; the
average circumference of the MR flow channel, w the
width of the coil, h the height of the coil, g the fluid
gap, and L, the pole length of MR valve. The first part
of Eq. (11) represents the viscous or off-state damping
torque, T,;s, and the second part of the equation
represents the controllable damping torque, Th/g.

The average flow rate of the MR fluid and the
radial distance can be calculated using the equations:

T (Lrw,R;)

Q= Lyw,Rw, (12)

R, = Ry + 0.5w,. (13)

Here, w is the design speed taken as 8.6 rpm and Ry
the radius of rotor shaft taken as 4 mm. Also, the pa-
rameters including cover plate thickness, rotor cylinder
thickness, and MR valve thickness are set to 4 mm.
These parameters are required to calculate the overall
mass of the braking torque and are estimated based on
the previous study [23]. The approximate volumes of
coil, rod, MR fluid, inner core, outer core, and cap of
MR valve are calculated using Eqgs. (14)—(19):

Veo =m [(TC +w)? — rf] h, (14)
Vyod = 1.2072 Ly, (15)
Viurr =7 [(rc +w + g)* — (re + )] Ly

+047L; [(re +w+g)* —rg], (16)

Veore =7 [(TC + IU)2 - Tg] Ly — vcoih (17)
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Figure 12. Geometric variables of rotary vane MR damper.

Vouter core — ]..47I'Lt I:(Tc +w+g+ct)2_ (Tc +w+g)2] 7(18)

Vcap = ﬂ-(rc +w+g+ Ct)2t0‘ (19)
The mass of the MR valve is calculated using Eq. (20):
Myalve :pcoichoil + pcore(Vcore + Vouter core

+Vrod+vcap)+pMRFVMRF+pAl * Vcap~ (20)

Here, py; is the density of aluminium. The core and
cylinder are assumed to be made of 1018 steel and all
other components are made of aluminium material.
The mass of the rotary vane, MR fluid in the rotary
chamber, and the rotary enclosure are calculated using
Egs. (21)-(23):

MRVane = pai[T Ry (Lr + 2t) + Lyow,t,], (21)
mrmrr =pumrr{0.57 [(Ro +w,)® — Rj]

— Lyw,ty,}, (22)
MRenc = PAI (ﬂ'LT(R(] +w,+1)? — (R0+wr)2)

+ 21t (Ro + wy + t)°. (23)

The overall mass of the rotary vane MR damper is
calculated using Eq. (24):

M Total = Muyalve + M RVane + MRMRF + M Renc- (24)

3.1. Optimal design of rotary vane MR
damper

An optimization problem of rotary vane MR damper is

formulated as follows:

Objective function: Minimization of [—=T, m Totai,

Constraints: mrotar < 1 kg, Bmax < 1.8 T and T <
2.5 Nm.

The design variables and bounds listed in Table 2
are estimated so as to restrict the overall volume of
the damper within the realizable size limits of normal
human knee. The optimization problem is solved
using PSO algorithm and the combined magnetostatic
approach as detailed in the previous section. The
Pareto optimal front showing various design points of
rotary vane damper is shown in Figure 13.

The design point with a braking torque of more
than 35 Nm and of least mass is selected as the
optimal solution. The cut-off value is selected based
on maximum knee braking torque of an average normal
human. The optimal design is capable of producing a
braking torque of around 37 Nm and has a total mass
of around 0.8 kg. The optimal values of rotary vane
damper are listed in Table 2. The mass of the static
vane, hydraulic ports, and cables along with MR fluid
occupying these components were not considered due
to uncertainty. The fabricated components along with
the hydraulic ports and cables are shown in Figure 14.

Table 2. Bounds and optimum values of design variables.

Bounds Optimum
Variables Lower Upper values
(mm) (mm) (mm)
L, 40 80 65
Wy 15 35 25
Te 5 14 9.8
w 2 10 3
h 2 10 10
g 0.5 1.2 0.56
Lq 3 10 8

ct 3 10 3.2
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3.2. Characterization of damper

A test facility to generate rotary harmonic excitations
is developed to characterize the vane damper. The
schematic of the rotary test setup is shown in Figure 15.
A hybrid stepper motor (Make: Rhino Motions, Model:
RMCS-1056) is used to provide the required angular
displacements. A Leadshine servo drive (Model: ES-
D1008) is adopted to drive the stepper motor. The
motor was coupled with a planetary gear box (Gear
ratio 10:1) to reduce the speed and increase the

torque capacity of characterization setup. A torque
transducer (Make: Datum Electronics; Model: M425)
is coupled in line with the rotary system with one
end connected to the gear box shaft. The other end
of the transducer is connected to the rotary damper.
Various sub-systems are interconnected using suitable
flexible shaft couplers. An encoder (Make: Rhino
Motions, Model: RMCS-5102) is connected at the
far end of the rotary damper to measure angular
displacement. Bearing block supports are provided in
various places to support individual subsystems and,
also, to effectively transfer the motion from the motor
to the rotary damper.

The stepper motor system is actuated indepen-
dently using a micro-controller. The rotary damper
is supported using a fixture so as to constrain the
relative motion of the outer cylinder of the rotary
chamber. The torque sensor display unit provides an
analog output signal in the range of 0 to 10 V. This
signal is acquired using an analog input module (Make-
National Instruments; Model-NI 9205) connected to
the chassis (Make-National Instruments; Model-cDAQ
9174). The torque and encoder signals are acquired
using a LabVIEW program, which allows continuous
monitoring along with data logging for subsequent
analysis. The fabricated setup along with the rotary
vane MR damper is shown in Figure 16. Sequential
installation of individual subsystems in the order of mo-
tor, gearbox, torque transducer, rotary vane damper,
and encoder is performed and alignment issues are
corrected carefully. A few characteristic curves of the
vane damper showing torque variation with currents
are shown in Figure 17.

According to the characteristic curves of Fig-
ure 17(a), the displacement amplitude is not constant
for all the curves. In the experimental test setup,
the stepper motor actuation system is not based on
a closed-loop position tracking control. Thus, the high
dissipation torque of the damper prevents the motor
from carrying out additional time steps necessary to
reach the desired amplitude. However, the variation
of torque with current for a specific displacement and
frequency is clearly visible from the figures. Theoreti-
cally, the optimal design of a rotary vane MR damper
can produce a total damping torque of 37 Nm at a
design speed of 8.6 rpm (or 0.9 rad/s or 51.6 deg/s)
and at a current of 1 A. However, the actual damping
torque measured using experiments at a similar design
speed and current value was around 20 Nm. Although
the device generated a maximum damping torque of
around 33 Nm at a speed of 23.6 rpm and a current of
1 A. The off-state torque also increased from 1.07 Nm
in simulation to 5 Nm in the experiment. Moreover,
the mass of the device increased from 0.8 kg to 1.1 kg.

To explore the reasons for the deviation of on-
state torque, magnetostatic analysis of the axisymmet-
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Figure 18. (a) Magnetostatic analysis of bypass MR valve and (b) magnetic flux density in fluid gap.

ric cross-section of the MR valve was performed using
finite element method magnetics software [24]. This
is an open-source finite element software product for
solving 2D planar and axisymmetric problems in low-
frequency magnetics and electrostatics. The model
is discretized using triangular mesh with 4832 nodes.
Figure 18(a) shows the magnetic field distribution in
the MR valve. Further, the optimal twin-rod MR valve
also produced a magnetic flux density distribution
in the fluid gap similar to that of rotary vane MR
valve, as evident from Figure 18(b). Moreover, other
dimensional parameters and material properties are
almost similar for both optimal designs, as can be
verified from Tables 1 and 2. Since the performance
of the MR valve in the twin-rod MR damper was in
correlation with the theoretical design values, bypass
MR valve can be safely neglected as a reason for
obtaining a low dynamic range in the current design
too. A few other possible reasons for the deviation
between experimental and theoretical results are as
follows:

1. Leakages around the axial or radial faces of the
rotary vane and sides of static vane are considered
as one of the main reasons for the underperformance
of the design. Therefore, a low dynamic range of
1.4 was obtained due to the presence of leakage
paths over high-resistance annular channels in the
MR valve;

2. Use of multiple seals on rotary vane along with shaft
seals, frictional losses due to multiple entrances
and exits, and hydraulic losses contributed to the
increase in off-state braking torque;

3. Unaccounted masses of hydraulic ports, cables, MR
fluid, and static vane led to increase in the overall
mass of device.

The rotary vane design by Kim and Oh [25] consists

of a rectangular channel in a bypass MR valve, thus
reducing many entrance and exit losses. This con-
figuration resulted in an off-state torque of 1.5 Nm;
however, the on-state torque was found insufficient
for prosthetic knee application. Previous research on
bypass MR valves (including those using linear MR
damper configuration) assumed minimal losses owing
to intricate valve dimensional changes. Although the
dimensions of the hydraulic connections utilized in
previous studies were not explicitly specified, they
were noticeably larger than those employed in this
investigation. The weight of the device is a significant
restriction in this application; as a result, low-density
hydraulic cables with an inner diameter of 4 mm were
employed, which is believed to be one of the reasons for
the large off-state damping torque. Similar differences
in off-state damping forces were seen in a study by Idris
et al. [26] who evaluated the use of a concentric bypass
MR valve in conjunction with a linear damper. Off-
state damping forces were found to be tenfold greater in
experiments than in simulations identical to the current
work. The researchers determined that the probable
cause was seal friction. However, in comparison to the
present bypass MR valve, the one developed by Idris et
al. [26] is concentric in design and involves fewer valve
dimensional changes, suggesting that frictional losses
associated with these modifications might also possibly
account for this difference.

It should be noted that the static vane can
be completely avoided and the rotary chamber be
made into a semi-circular cross-section. However, the
additional mass due to hydraulic ports, cables, and MR
fluids cannot be avoided. Since the vane damper design
is the lowest possible mass design which can produce
a required braking torque of more than 35 Nm, these
additional units will further increase the mass of the
vane damper even if they are specifically designed for
this device. They also contribute to the increase of off-
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Table 3. Comparison of prosthetic knee MR devices.
Criteria Current work Linear dampers Rotary dampers/ MR brakes
MR MR o} MR brak Vane t
Rotary Linear LORD ssur . rase ane type
damper damper brake with waveform MR damper
damper damper RD-8040-1
[11] [30] [9] boundary [9] [14]
T-shaped
Rotary . . . . . Rotary vane
. Twin-rod Twin-rod Twin-rod Mono Multi rotor with i
Design vane damper with
damper damper  damper tube plate waveform
type MR valve
boundary
Fluid Flow Flow Shear Flow Flow Shear Hybrid Flow
regime mode mode mode mode mode mode mode mode
Mass (kg) 1.1 0.71 0.74 - 0.89 0.8 0.7 —
MR gap 0.56 mm 0.67 mm 1.1 mm 1 mm 0.2 —1 mm 30 —35 pm 0.2 mm 1.4 mm
Maximum
on-state  33a1 A 40.8 Nm@l A 24@ 0.8 A 6@90 mA ~ 48.9 Nm@l A 38 38.5@1.2 A 23
torque
(Nm)
Off-state
torque 5@8.6 rpm ~ 5.2 3.8 0.44 ~ 2.4 2.4@8 rpm 2.1@5 rpm 1.5 Nm@10 rpm
(Nm)
Torque to
mass ratio ~ 30 57.46 32.43 - 54.94 47.5 55 —
(Nm/kg)
Dynamic 6.6 7.84 6.31 13.6 20.37 15.83 18.33 15.33
range

state braking torque. However, the device enjoys few
advantages listed below:

1. The device can itself serve as a knee joint as opposed
to the twin-rod MR damper, which requires a
single-axis knee joint, along with an additional lever
arrangement to convert a linear damping force into
torque;

2. The weight of the vane damper acts mostly at the
knee joint and, thus, does not add any additional
moment of inertia to the prosthetic knee system.
According to Narang et al. [27], the average hip
power by the amputee is sensitive to the moment
of inertia of the knee prosthetic system. Therefore,
a reduced moment of inertia of the prosthetic knee
may require lower hip energetics from the prosthetic
user;

3. The placement of the MR valve unit may provide
additional adjustment for the moment of inertia of
the prosthetic knee system.

4. Comparative study

Table 3 shows a comparison of several dampers used
in prosthetic knee systems with two damper designs

developed in this work. To convert dynamic force into
knee torque, a force arm length of 40 mm was used.
As can be seen, the twin-rod MR damper is capable of
providing the required braking torque at the knee joint
and has higher performance indices than the commer-
cial MR brake. It, however, has certainly a greater
off-state braking torque. It should be noted that in the
case of linear damper, the off-state force was computed
at a design speed of 0.1 m/s. With an assumed arm
length of 40 mm, this corresponds to a rotating speed
of 2.5 rad/s, whereas the design speed of rotary brakes
is around 0.84 rad/s (8 rpm). Given that the viscous
force of a linear damper changes proportionately into
the velocity, a reduced off-state damping force may be
predicted at lower speeds. Additionally, it is expected
that using a piston rod coating comparable to that
utilized in commercial designs may further reduce the
off-state damping force.

The mass of the twin-rod damper is less than that
of all other devices fit for prosthetic applications, apart
from the hybrid waveform boundary MR brake. The
low dynamic range of the damper results from the high
off-state force of the MR damper. Furthermore, the
rotary vane damper in the current work outperforms
the vane damper designed in the study by Kim and
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Oh [14] in terms of on-state braking torque. However,
it does not generate the required knee braking torque
and, also, has a relatively high weight in comparison
with other dampers fit for prosthetic knee applications.
The vane damper requires many modifications in terms
of design before it can be considered for prosthetic knee
application. For instance, elimination of static vane
and modification of MR valve design into a concentric
flow type design are few of the suggested changes.

Another factor affecting the prosthetic knee
damper design is the degree of deterioration of the
MR fluid. This can be evaluated based on an ad-hoc
measure and Lifetime Dissipated Energy (LDE) given
by the following equation [28]:

1 [life
LDE= = Pt (25)
Vo

Here, V is the volume of the MR fluid in the device
and P is the instantaneous mechanical power converted
to heat. Assuming equal mechanical power during
single walking cycle for all designs, LDE measure is
thus scaled based on the volume of MR fluid, which is
around 1.2 ml for commercial brake model and around
60 ml for current twin-rod MR damper. As a result, the
twin-rod damper is expected to produce significantly
lower LDE values for similar cycles.

The linear damper in the present work has a
fluid gap tolerance of 0.67 mm as opposed to 30—
35 pm for Ossur brake. This allows the use of larger-
sized iron particles reducing the overall cost of MR
fluid. Moreover, larger fluid gap clearances allow for
lower shear rates which, in turn, reduce MR fluid
degradation [29]. Therefore, considering the present
design configurations, it can be stated that the twin-
rod MR damper from the current work can sufficiently
produce the necessary damping force required during
normal human walking, and it also is an optimal design
for prosthetic knee application. Further experiments
on the twin-rod MR damper are required to comment
on durability, structural stability, and other aspects
of overall prosthetic knee system integrated with the
damper from the present work.

5. Conclusions

In the present work, two semi-active design configura-
tions, i.e., twin-rod Magnetorheological (MR) damper
and the rotary vane MR damper, were considered
to be applied to prosthetic knee. Optimal designs
were performed for both dampers with damping force
or equivalent torque and mass as the objectives. In
addition, core saturation and off-state force or torque
were imposed as constraints. A constrained particle
swarm optimization with a combined magnetostatic
approach was used in the optimization process. The

designs were fabricated and characterized using var-
ious harmonic excitations with varying amplitudes,
frequencies, and currents. Based on the comparative
study, it can be concluded that the twin-rod MR
damper from the present work was an optimal design
for prosthetic knee application, which could adequately
reproduce the required knee damping forces. On the
other hand, rotary dampers were previously designed
for automotive applications with a torque generating
capacity of 200 Nm. However, scaling of this product
for prosthetic knee application led to large off-state
torques along with a relatively large mass, resulting
from sealing, intricate dimensional changes, and MR
fluid viscosity. Consequently, it is suggested that
concentric or in-pass MR valve designs be explored.
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Nomenclature

Wy Average circumference of fluid gap
g Fluid gap

Q Flow velocity

Ay, Piston cross-section area
L, Active pole length

w Coil width

h Coil height

n Fluid viscosity

Ty Fluid yield stress

Flis Viscous force

Fur Controllable MR force
Frotal Total damping force

To Piston rod radius
Velocity of piston

Density of material

Briax Maximum flux density

L, Height of rotary vane

W, Width of rotary vane along radial
direction

R, Radial distance from shaft axis to

centroid of rotary vane



R.S.T. Saini et al./Scientia Iranica, Transactions B: Mechanical Engineering 29 (2022) 3049-3062

Te Radius of MR valve core

wy Average circumference of MR flow

channel

Ct Outer cylinder thickness

w Design speed

Ry Rotor shaft

T Total braking torque

Tyis Viscous torque

Tur Controllable torque
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